ABSTRACT
We cast a novel perspective on two distinct populations: patients who become accidentally intraoperatively aware after receiving general anesthesia and severely brain-injured patients who are diagnosed as being in a vegetative state. In both cases, patients are behaviorally non-responsive -and on this basis presumed to lack consciousness-yet, retain covert awareness. In both contexts, detecting consciousness is highly challenging, yet highly important for ensuring adequate patient care. Although great strides have been made in the development of depth-of-anesthesia monitors, these monitors have significant limitations. On the other hand, recent neuroimaging studies on severely brain-injured patients have developed neurobiologically-informed markers of conscious awareness that hold potential for improving monitoring of covert awareness during general anesthesia. Further research is required to determine the implementation of these assessments in the surgical context, and this approach provides promising avenues for improved detection of intraoperative awareness and prevention of accidental awareness under general anesthesia.
INTRODUCTION
Imagine being on an operating table about to start surgery. Around you nurses, surgeons, and medical staff speak about preparing the surgical procedure. What sounds like casual chatter is part of a very important event that may alter your life forever. A moment later, you can feel the nurses scrubbing your abdomen, and think: "Oh, they are just cleaning me up after the surgery. I woke up. I'm done. It's all good." But then, you hear the surgeon speak. He says to the nurse: "Scalpel please!" You try to get someone's attention, scream, but you cannot move or speak. You think you are dying. This scenario is adapted from a patient who woke up during surgery, a phenomenon known variously as 'unintended intraoperative awareness', 'anesthesia awareness' and 'accidental awareness under general anesthesia' (AAGA) (1).
An estimated 20,000 to 40,000 patients experience AAGA yearly in the United States alone (2). AAGA can be accompanied by intraoperative distress and lead to post-traumatic stress disorder (PTSD) in as many as 70% of those who experience it (1). Psychological harm following AAGA is not confined to PTSD; clinical depression or phobias can also develop (3). Naturally, AAGA can be a major concern for both patients and anesthesiologists (1). Because its risk factors are not yet fully understood, it is difficult to estimate the precise risk of AAGA for individual patients. Additionally, the lack of sensitive depth-of-anesthesia monitoring devices makes prevention and detection of AAGA extremely challenging.
In this paper, we bring our experience with a different patient population -severely brain-injured patients who retain covert awareness despite being clinically diagnosed as being in a vegetative state (VS)-to bear on understanding covert awareness in AAGA patients. Patients in a VS show no behavioral signs of awareness of themselves or of the environment following severe brain injury, and on this basis are presumed to lack consciousness (4). However, studies show that a subset of patients (~14-19%) (5-6) clinically diagnosed as VS can, nevertheless, demonstrate covert awareness through cognitive brain responsivity in neuroimaging tasks, a phenomenon captured by the recently-coined term 'cognitive motor dissociation' (CMD) (7) . Like AAGA patients, CMD patients exemplify the notion that loss of behavioral responsiveness does not guarantee loss of consciousness. Indeed, in both cases, this mistaken assumption can result in significant harm to the patient (8) (9) (10) (11) (12) (13) . Accordingly, there is a need for increased accuracy of assessments that can detect covert awareness in both patient groups. We review strategies for monitoring and detecting awareness in patients receiving general anesthesia, and those clinically diagnosed as VS, by examining the methodology and challenges inherent to each. We argue that recent neuroimaging paradigms for detecting covert awareness in the latter group have the potential to improve monitoring of intraoperative awareness, and suggest strategies for translating these paradigms to the context of clinical aesthesia.
UNDERSTANDING AAGA

Incidence
Estimates of intraoperative awareness with explicit recall -where postoperative patients can recall events from the operation-range from 0.05% when based on spontaneous report (1), to 0.1-0.2%, when based on structured post-operative interviews, such as the Brice Questionnaire (3, 14). Patients may be reluctant to spontaneously report an AAGA experience, while a proportion of patients may recall AAGA experiences days or even weeks after surgery (14) (15) . For this reason, post-operative structured interviews provide a more robust, though likely conservative measure of incidence.
The incidence of AAGA without explicit recall is harder to determine, but studies suggest it may be up to 25 times higher than with explicit recall (1, 16). One method for testing AAGA without recall involves the Isolated Forearm Technique (IFT) (16) , wherein an inflatable cuff placed at the forearm prevents paralysis of one hand by the neuromuscular blockade delivered as part of the anesthesia drug cocktail. A recent international and multi-center study that used the IFT found that 4.6.% of patients demonstrated conscious awareness (i.e., awareness and response to stimuli in their environment) after the presumed induction of general anesthesia and post-intubation (16) . These patients responded to verbal commands by squeezing the researcher's hand, including to questions about pain experience. No patients showed postoperative recall, however, likely due to the anterograde amnesic effects of anesthetics, which may explain the discrepancy between this rate and the one established through postoperative interviews. Implicit memory formation may also take place under general anesthesia independent of explicit recall (1, 17), and potentially lead to adverse long-term psychological effects.
Risk factors
Several risk factors may increase the likelihood of AAGA in individual patients. The most important factor is the under-dosing of anesthesia (3, 15). For some patients, including those with an American Society of Anesthesiologists (ASA) physical status of IV or V (e.g., patients with severe systemic disease, or moribund patients not expected to survive without operation), 'light' anesthesia may be intentionally administered due to the patient's limited cardiovascular reserve. Similarly, surgical procedures in which the anesthetic dose is typically low in the interest of patient safety, such as cardiac surgery (to preserve hemodynamic stability) and caesarean section with general anesthesia (to avoid the respiratory depressant effects of anesthetics on the newborn), tend to result in a greater incidence of intraoperative awareness (3, 18). Although counterintuitive, it is well-established that pharmacological paralysis through neuromuscular blocking agents is also a risk factor for intraoperative awareness (3, [14] [15] . For example, in a study by Sandin and colleagues, the incidence of AAGA in patients receiving anesthesia without neuromuscular block was 0.1%, compared to 0.18% in patients receiving neuromuscular block (14) . This could in part be due to the lack of motor feedback from the patient, which would otherwise alert the anesthesiologist to the possibility of inadequate anesthesia, and trigger dose adjustments that reduce the likelihood of AAGA. Finally, equipment malfunction and misuse of the anesthesia delivery system are risk factors in a minority of cases (4-5%), according to a review of published cases (15) . Due to the plurality of risk factors, as well as inter-individual variability, the precise risk of AAGA for any individual patient is currently impossible to determine preoperatively.
Monitoring of awareness during general anesthesia
The development of technologies for accurate depth-of-anesthesia (i.e., 'aware', 'light', 'unaware') © 1996-2018 monitoring has been a focus of efforts to prevent AAGA. One such technology, end-tidal anesthetic concentration monitors, assesses the concentration of anesthetic gas in a patient's exhaled breath, and allows anesthesiologists to titrate the concentration of anesthetic beyond the threshold thought to permit awareness. The standard index for the potency of volatile anesthetic is the 'minimum alveolar concentration' (MAC), where 1.0 MAC represents the minimum alveolar concentration of inhaled anesthetic required to prevent apparently purposeful movement in 50% of patients in response to surgical incision (19) . Gas monitors can alert anesthesiologists to when endtidal anesthetic concentration falls below a predefined MAC threshold, (typically, 0.7 MAC) (20) (21) , and prompt measures to avoid intraoperative awareness, such as a deepening of anesthesia. However, gas monitors have several limitations. First, the predefined MAC concentration threshold can fluctuate widely based on the anesthetic, as well as factors not accurately captured by standard threshold modelling algorithms, such as patient age (19) , genetic background, intensity of the surgical stimulus, or the use of other drugs in the anesthetic cocktail (22) . Second, anesthetic agents with relatively high solubility (e.g., halothane, isoflurane) are more easily absorbed in blood vessel rich tissue groups (e.g., heart, brain, liver, kidneys), which can result in an equilibration delay between endtidal levels and effect-site concentration (23).
Conversely, newer inhalational agents (e.g., sevoflurane, desflurane) are less soluble and equilibrate more rapidly between the lungs, blood, and central nervous system (19, 24) . Thus, relatively small decrements in anesthetic concentration due to routine equipment upkeep errors (e.g., if the vaporiser becomes empty, or is turned off) can quickly lead to adverse consequences, including AAGA (19) . Furthermore, the usefulness of MAC as a measure of anesthetic effect is especially diminished when multimodal anesthetic techniques are employed (e.g., an inhaled anesthetic, as well as a neuromuscular blocking drug, opioid analgesic, and intravenous hypnotic agent) (19) .
Third, the concentration of the exhaled anesthetic gas is only a proxy measure for the effect site concentration in the central nervous system. Therefore, gas monitors cannot directly interrogate anesthetic action in the brain, or the presence of conscious brain responses.
In contrast to gas monitors, processed electroencephalogram (EEG) monitors use algorithms to continuously analyze EEG signals, and translate any changes into simple numerical indices that indicate whether a patient is conscious, or unconscious (25). Several different processed-EEG monitors are currently available, though not all have been rigorously validated by clinical studies, i.e., by measuring the correlation between processed-EEG values, and the observer's assessment of alertness and sedation (OAAS) scale, as well as using processed-EEG to predict loss of consciousness, using a variety of intravenous and volatile anesthetics (26).
The most widely used processed-EEG monitor, the Bispectral Index (BIS) (2), uses a proprietary algorithm to derive a single number from several EEG sub-parameters (26-27) (Figure 1 ). Values range from 0 (isoelectric brain) to 100 (fully awake), with a value of between 40 and 60 indicated as an appropriate level for general anesthesia (28-29). We note that, in the clinical anesthesia context, no distinction is made between 'wakefulness' and 'awareness', because, unlike in severely brain-injured patients (see next section), these two dimensions do not dissociate in patients undergoing or recovering from anesthesia.
A significant shortcoming of processed-EEG monitors like the BIS is that they presume uniform changes in neural responses in all patients based on an arbitrarily-defined level of awareness (i.e., fully awake, light anesthesia and deep anesthesia/ unconsciousness), regardless of the type of anesthetic agent used. However, the EEG signal can be affected by several factors, including drugs (e.g., beta-blockers), neurological conditions, (e.g., encephalopathy, dementia, stroke), muscle paralysis, and patient age (22, 25) . For example, if a monitor is calibrated to a specific set of variables (e.g., a younger and healthy population), its values cannot reliably be extrapolated to a different population (e.g., older patients with dementia, or pregnant women). Further, studies show that processed-EEG monitors may display readings consistent with deep general anesthesia when awake volunteers have received muscle relaxants (30). Moreover, different anesthetics do not have a uniform impact on processed-EEG monitors. For example, ketamine has been reported to increase BIS value, despite deepening anesthesia, when administered in conjunction with sevoflurane (31). Similarly, increased isoflurane has been reported to increase BIS value when used in conjunction with nitrous oxide and sufentanil (32). BIS values have also been shown to differ with equipotent concentrations of different volatile anesthetics (e.g., halothane, sevoflurane, isoflurane) (33) (34) . Together these studies suggest that the accuracy of processed-EEG monitors is limited when different anesthetics are incorporated into the anesthetic cocktail (1, 35). The results of the large B-Unaware Trial suggest that processed-EEG monitors like BIS are often insensitive to changes in inhalation anesthetic concentrations (36) .
Processed-EEG monitors can reduce the incidence of AAGA, particularly in patients with an a © 1996-2018 priori high risk of intraoperative awareness. In a large multi-center trial, Myles and colleagues compared the incidence of AAGA (as reported post-operatively by patients), in two cohorts: those receiving routine care, and those receiving BIS-monitoring in addition to routine care (36) . In the routine care group, 11 of 1238 patients reported experiencing AAGA postoperatively, while in the BIS-monitor group, 2 of 1225 patients reported experiencing AAGA. The use of the Bispectral Index reduced the incidence of reported cases of AAGA by 82%, when compared to routine care. Nevertheless, Avidan and colleagues found that monitoring with the BIS produced no additional reduction in AAGA, when compared to a protocol based on minimum end-tidal concentration of volatile anesthetics (2). Indeed, both studies identified patients who post-operatively reported experiencing AAGA, despite the BIS showing an 'adequate' level of anesthesia (less than 60) at the time AAGA was likely to have occurred, based on the patients' reports. These studies suggest that processed-EEG monitors can discriminate between conscious and unconscious patients with at most 90% accuracy. In other words, 10% or more of patients who remain aware, may be mistakenly identified as unconscious (22, 35) .
UNDERSTANDING CMD
Incidence
It is estimated that there are between 13,000 and 53,000 patients currently in a vegetative state (VS) in the United States (37) . The most common acute causes of VS are traumatic brain injury, and hypoxicischemic encephalopathy (4). Typically, patients are in a comatose state for several days or weeks (38) , before emerging into the vegetative state, which is classified as 'permanent' 3 months after non-traumatic brain damage, or 12 months after traumatic brain injury (4, 39) (Figure 2) .
A clinical diagnosis of VS is made on the basis of a standardized clinical behavioral assessment (e.g., the Coma Recovery Scale Revised) (40) . VS patients exhibit signs of wakefulness -i.e., periodic eye opening and closing-but show no evidence of voluntary response to visual, auditory, tactile or noxious stimulation, and no evidence of language comprehension, or meaningful expression (4) (Figure 3) . The clinical evaluation of behaviorally non-responsive patients is challenging and results in high misdiagnosis rates. Up to 43% of patients initially diagnosed as VS demonstrate (at least minimal) awareness after more specialized behavioral examinations (41) .
A subset of patients who repeatedly fail to demonstrate behavioral signs of awareness on specialized assessments, can nevertheless show preserved basic sensory functions and higher cognitive processes, such as emotional and semantic processing, when their brain responses are measured with EEG or functional Magnetic Resonance Imaging (fMRI). In fact, a proportion of these patients (14-19%) (5-6), are even able to demonstrate conscious awareness by modulating their brain activity in different types of neuroimaging paradigms (43-44).
Detecting covert awareness
Command following paradigms
In one such neuroimaging paradigm, patients are asked to imagine performing motor (e.g., playing tennis) or spatial navigation (e.g., moving around their house) mental imagery, for 30-second intervals, followed by periods of rest (44) . In another kind of Figure 1 . A simplified schematic of the generation of the BIS number. The Bispectral Index uses a proprietary algorithm to generate a numerical representation of patient consciousness, from 0 to 100. Initially, an unprocessed EEG signal is measured from an array of electrodes at the front of the scalp. Second, the EEG signal is filtered to remove high and low frequency artifacts. Third, various algorithms are used to calculate the beta ratio, burst suppression ratio, and bispectrum subparameters. Fourth, these subparameters are weighted using a proprietary algorithm, and finally, combined to form the single BIS number.
paradigm, patients are asked to either selectively attend to the presentation of a target word while ignoring a non-target word (either "yes" or "no"), or relax, in on-off blocks of 30 seconds (34) . Patients who successfully perform these tasks show taskappropriate activity in pre-specified brain regions that is statistically similar to that of healthy controls ( Figure  4 ; Figure 5 ). These brain responses are reproducible, sustained over long time-intervals, and initiated or terminated according to the examiner's commands, thus allowing researchers to conclude that the patient is consciously aware. However, at most, 19% (5-6) of behaviorally non-responsive patients can demonstrate their awareness via such neuroimaging-based command-following paradigms. Apart from genuine lack of awareness, impaired attention may explain this low responsivity rate. The requirement that a patient must be able to produce brain responses as prescribed by study instructions, in order to demonstrate that he/ she is aware, is likely too stringent and hinders many patients who are aware, but, due to the effects of brain injury, fail to comply with structured instructions.
Naturalistic paradigms
Recently, a different approach has been developed by Naci and colleagues aimed at the roughly 80% of behaviorally non-responsive patients who cannot respond using command-following paradigms (45) (46) (47) . Rather than relying on the performance of specific mental tasks in response to arbitrary commands, this paradigm involves free-viewing of highly engaging audio-visual or auditory-only movies, which create an immersive experience and capture attention naturally. This leads to better task compliance, reduced movement, (48) and stronger brain activity than epoch-based fMRI task designs (49) (50) .
Previous studies examining brain activity during movie watching found highly synchronized activity across healthy participants, throughout the brain (51-52). However, prior to Naci and colleagues, it was unclear whether this synchronized activity reflected similar executive function across different individuals in response to the evolving executive demands of the movie plot (45). Naci and colleagues focused on the synchronized brain activity in frontal and parietal regions, known to support executive function (53) (54) (55) (56) . Not only did these regions display high synchronization across participants, but this synchronization was absent when participants were presented with a scrambled version of the movie that lacked a coherent plot.
Moreover, researchers found that the movie's executive demands, assessed quantitatively with a dual-task procedure in an independent group, predicted activity in these frontal and parietal regions (45) . Importantly, the ratings of suspense at various points in the movie -obtained from a third group of participants-showed significant similarity across participants, confirming the common conscious experience of the individuals watching it. Similar to the executive demands, the ratings of suspense predicted activity in the frontal and parietal cortex. Together, these results suggested that the movie's executive demands drove brain activity in frontal and parietal regions, and further, that the synchronization of this activity across individuals underpinned their similar experience. More broadly, these findings suggested that there is a common neural code that underpins similar conscious experiences, which could be used to decode these experiences in the absence of behavior (45) .
Using this approach, Naci and colleagues demonstrated that a patient who had been behaviorally non-responsive and thought to lack consciousness for 16 years was not only consciously aware, but understood and experienced suspense on a momentto-moment basis in the same way as every healthy individual watching the same movie (45) (Figure 6 ). Further, Naci and colleagues developed an auditory- (46) . An independent study found that the fronto-parietal activity in response to this audio narrative was extinguished in deeply anesthetized unconscious individuals (Figure 7) , further suggesting that the brain responses in these regions could not be realized without the presence of covert conscious awareness (Naci et al., under review).
In addition to providing compelling evidence of preserved awareness, the successful completion of the narrative paradigm not only suggests preserved cognition, such as language comprehension, working memory, and executive function, but critically, more complex mental faculties such as theory of mind, the ability to make morally significant distinctions, and the capacity to experience emotions and reflect about potential future states (57).
ADAPTING NEUROIMAGING PARADIGMS TO THE ANESTHESIA CONTEXT
Both processed-EEG monitors currently used to track depth-of-anesthesia and neuroimaging paradigms used to detect consciousness in severely brain-injured patients share the common aim of detecting covert awareness in behaviorally nonresponsive patient populations. However, they employ fundamentally different approaches. On the one hand, processed-EEG monitors measure the spontaneous EEG signal in response to increasing doses of anesthetics and use elements of this signal to infer when consciousness is absent, based on a database of typical brain activity. On the other hand, commandfollowing paradigms are based on a well-established clinical marker of consciousness (i.e., the ability to follow commands), and the naturalistic paradigm elicits a specific pattern of brain activation underlying executive function, which implies the presence of consciousness. In other words, processed-EEG monitors provide a broad measure of brain activity in response to anesthesia, whereas commandfollowing and naturalistic paradigms elicit specific brain responses that strongly suggest the presence of consciousness. Like other authors (58), we argue that accurate monitoring of awareness during general anesthesia requires an approach that interrogates clinical markers of consciousness, which are abolished in all states of unconsciousness, and resume at a normal level during conscious processing. By contrast, the current generation of processed-EEG monitors does not satisfy this requirement. Therefore, we suggest that the command-following and naturalistic paradigms may be useful in supplementing traditional methods of detecting consciousness in the anesthesia context. The clearly demarcated patterns of brain activity these paradigms are designed to elicit and detect can serve as clinical markers of consciousness, and the employment of these paradigms may help to address the challenge of AAGA.
One potential approach involves adapting neuroimaging command-following and naturalistic paradigms developed for severely brain-injured patients to the anesthesia context. EEG has previously been used to identify covert awareness in behaviorally non-responsive patients with a similar degree of accuracy as fMRI, by detecting characteristic EEG responses indicative of command-following (42) . It may be possible to ask intraoperative patients to perform simple command-following mental imagery or selective attention tasks pre-and post-induction, to verify loss of consciousness. The presence of brain responses previously established in healthy controls and patients who harbor covert awareness, would indicate to the surgical team that the patient has regained awareness. In the context of brain injury, the success of commandfollowing paradigms as a measure for detecting awareness is limited by brain-injured patients' inability to sustain attention to arbitrary commands. Similarly, in the anesthesia context, successful compliance with the arbitrary instructions, and engagement with the specific on/off regime of these tasks is likely hampered by disrupted attention due to the anesthesia drug cocktail.
By contrast, the naturalistic paradigm captures attention naturally through an engaging narrative and does not require overt or covert action, and thus, is likely to maximize the chances of detecting awareness in patients who cannot successfully comply with arbitrary study commands. Prior to receiving anesthesia, patients might be instructed to attend to a brief auditory narrative delivered subsequently to the anesthetics. When unconsciousness is reached, the characteristic pattern of fronto-parietal activation observed in healthy controls and brain-injured patients with covert awareness will be extinguished. Conversely, if this pattern is observed it would suggest that anesthesia is 'light' due to high individual tolerance or a medical dosing error and that the patient retains awareness. Indeed, as Mashour suggests, 'light' anesthesia relative to the requirements of a specific patient is the most important risk factor for AAGA (25).
The aforementioned neuroimaging paradigms offer several advantages over current methods for monitoring awareness in the anesthesia context. First, they interrogate the presence of wellunderstood cognitive responses that strongly suggest the presence of consciousness. Thus, a positive response to these tasks provides strong evidence of consciousness. By contrast, brain monitors provide only an indirect measure of a patient's consciousness -inferred from the degree of resemblance between a patient's EEG, and the EEG pattern of an exemplar unconscious brain-and may fail to accurately capture the patient's conscious brain responses. Further, several studies suggest that BIS values may be drug specific, whereas the aforementioned neuroimaging paradigms interrogate the presence of consciousness with respect to a priori benchmarks defined in healthy participants, and therefore are insensitive to the idiosyncratic effects of various anesthetic agents.
Further work is required to translate the naturalistic paradigm to the clinical anesthesia context. For example, efforts are ongoing to adapt this paradigm to portable technologies such as EEG that are practical for the surgical anesthesia environment. Moreover, real-time determination of conscious awareness is a requirement for depth-of-anesthesia monitoring. The implementation of the naturalistic paradigm requires the development of a methodology for detecting, with EEG, the activity in the frontal and parietal brain regions that is characteristic of executive processing, and presenting this information in realtime in a simplified manner that can be interpreted by the surgical team.
Thus, in order to complement existing methods with more accurate neuroscientific paradigms for monitoring depth of anesthesia, novel technology for rapid analysis of large datasets from continuous stimulus processing will be required. We note that the naturalistic paradigm, as we have described it, is unable to anticipate AAGA before it occurs, similarly to the IFT, or current processed-EEG depth of anesthesia monitors. However, a significant harm during AAGA arises from the patient's inability to indicate their awareness to the medical team and the ensuing distress or anxiety (1, 13, 15, 59, 60) . AAGA is harmful to patients primarily insofar as it results in painful experience, or causes distress or anxiety, with the latter strongly correlated with the occurrence of negative post-operative sequelae like PTSD (1, 3, 59). Thus, by providing a sensitive indicator of covert awareness, the naturalistic paradigm can quickly alert the anesthesiologist that the patient has become aware, 
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